The rate constants required to model the OH + observations in different regions of the interstellar medium have been determined using state of the art quantum methods. First, state-to-state rate constants for the
+
have been obtained for all astronomically significant ro-vibrational bands involving the X 3 Σ − and/or A 3 Π electronic states. For this purpose the potential energy curves and electric dipole transition moments for seven electronic states of OH + are calculated with ab initio methods at the highest level and including spin-orbit terms, and the rovibrational levels have been calculated including the empirical spin-rotation and spin-spin terms. Third, the state-to-state rate constants for inelastic collisions between He and OH + (X 3 Σ − ) have been calculated using a time-independent close coupling method on a new potential energy surface. All these rates have been implemented in detailed chemical and radiative transfer models. Applications of these models to various astronomical sources show that inelastic collisions dominate the excitation of the rotational levels of OH + . In the models considered the excitation resulting from the chemical formation of OH + increases the line fluxes by about 10 % or less depending on the density of the gas.
INTRODUCTION
Light hydrides represent the very first step of interstellar chemistry. They start reaction cycles that initiate the formation of complex molecules and are therefore at the root of the molecular richness observed for decades in all interstellar environments. In addition, because of the diversity of their formation and excitation pathways, their rotational lines offer powerful diagnostics of the physical and chemical processes at play in the interstellar medium (ISM).
These investigations have recently been deepened by the Herschel satellite which opened the spectral domain of hydrides absorption and emission that was not accessible to us before due to the large opacity of the Earth atmosphere. Indeed, many light hydrides (e.g. CH, CH + , HF, HCl, OH + , H 2 O, NH, SH + ) have been observed, some of them for the first time, in different types of interstellar and circumstellar regions (e.g. Cernicharo et al. 2010; Hily-Blant et al. 2010; Gerin et al. 2010; Naylor et al. 2010; van Dishoeck et al. 2011; Neufeld et al. 2011; Spoon et al. 2013) .
Among all the hydrides detected to date, the hydroxyl cation OH + is particularly interesting, not only because it 1 e-mail: octavio.roncero@csic.es initiates the oxygen chemistry, but also because its abundance could be a valuable tracer of cosmic ray and X-ray ionization rates (Gerin et al. 2010; Hollenbach et al. 2012; González-Alfonso et al. 2013) . First detected in absorption in the diffuse medium (Wyrowski et al. 2010; Gerin et al. 2010; Krelowski et al. 2010; Porras et al. 2014) , OH + has then been also observed in absorption and emission in a variety of interstellar and circumstellar environments including hot and dense photodissociation regions (PDR) Pilleri et al. 2014) , galactic center clouds , planetary nebulae (Etxaluze et al. 2014; Aleman et al. 2014) and the nuclei of active galaxies (van der Werf et al. 2010; González-Alfonso et al. 2013 ) . These observations need to be interpreted both in terms of chemistry and excitation processes for which important properties of the OH + molecule are still lacking.
The chemistry of OH + in molecular clouds is rather well understood. As the depth into the cloud increases and the far ultraviolet (FUV) flux decreases, the formation of OH + successively follows two different pathways (Hollenbach et al. 2012) . At the border of diffuse clouds where most of the Hydrogen is atomic, the production of OH + proceeds through
being initiated by the ionization of atomic Hydrogen by cosmic rays (CR). Conversely, deeper in the cloud where most of the Hydrogen is molecular, the production of OH + proceeds through
As a result, the abundance of OH + predicted by chemical models displays two peaks whose position and magnitude depend on the ratio of the incident UV radiation field and the gas density (Hollenbach et al. 2012) .
On the other hand and because of the lack of theoretical and experimental data, uncertainties remain on the processes involved in populating the rotational levels of OH + . Firstly, these levels might be excited by inelastic collisions. In the cold ISM, the most abundant species are H 2 and He. In warmer regions such as diffuse, translucent clouds or PDRs, collisions with electrons and atomic Hydrogen should also be taken into account. Secondly, since OH + is observed in hot PDRs illuminated by strong infrared (IR) and UV radiation fields, its rotational levels might be sensitive to the radiative pumping of its vibrational and electronic states followed by radiative decay. Indeed, these mechanisms have been found to dominate the excitation of many species (e.g. H 2 O, HNC, NH 3 , H 2 , CO, CH + ) in molecular clouds and circumstellar envelopes (e.g. González-Alfonso & Cernicharo 1999; Agúndez & Cernicharo 2006; Agúndez et al. 2008; Troutman et al. 2011; Godard & Cernicharo 2013) . At last, since OH + is a very reactive molecule it was assumed that it is destroyed before inelastic collisions may take place and it has been proposed that its rotational population is governed by its chemical formation ). For instance, it has recently been shown that chemical state-tostate formation pumping plays a major role in the excitation of several molecules such as CH + in hot and dense PDRs, planetary nebulae and circumstellar disks Godard & Cernicharo 2013; Zanchet et al. 2013b,a) .
The purpose of this paper is to provide the excitation rates of OH + through radiative pumping, inelastic collisions, and reactive collisions in order to improve the reliability of chemical and radiative transfer models applied to astrophysical environments. It is organized as follows: in Sect. II, we study the excitation of OH + during its chemical formation
Up to now, only total reaction cross sections and rate constants have been obtained, both experimentally (Burley et al. 1987 ) and theoretically using quasi-classical trajectory (QCT) calculations (Martínez et al. 2005) , time independent calculations with hyperspherical coordinates (TI), and wave packet (WP) methods (Martínez et al. 2006; Xu et al. 2012 ) using the adiabatic ground electronic state potential energy surface (PES) of Martínez et al. (2004) ; in Sect. III, we focus on the radiative pumping of the vibrational and electronic levels of OH + by infrared and UV photons. In a previous study, de Almeida & Singh (1981) have reported the absolute oscillator strengths for several vibrational states of the OH + (X 3 Σ − , A 3 Π) system based on the radiative lifetimes measured by Brzozowski et al. (1974) and the ultraviolet emission spectra of OH + observed by Merer et al. (1975) . To extend these results to higher J and v values, we compute here the ab initio potential energy curves of the OH + (X 3 Σ − , A 3 Π) band system; in Sect. IV, we investigate the excitation of OH + by inelastic collisions with He and use the results as a model for collisions with H and H 2 . So far, previous stud- ies have only reported excitation rates by electron impact (Schöier et al. 2005; . We compute here the interaction potential of the He-OH + (X 3 Σ − ) system and perform scattering calculations in order to derive for the first time the associated collisional rate constants; finally, we discuss, in Sects. V and VI, the implication of all these results on the modeling of astrophysical environments and the interpretation of observations.
For reasons of clarity and comprehensibility of the manuscript, the details of the reactive collisions are given in Appendix A together with the list of parameters obtained to fit the state-to-state rate constants; the ab initio details for the calculation of the 7 electronic states of OH + and the Einstein coefficients are described in Appendix B; the calculation of the PES built in this work for the He + OH + (X 3 Σ − ) is described in Appendix C; finally, the time-independent calculation details of the He + OH + (XΣ − ) inelastic collisions are given in Appendix D.
REACTIVE COLLISION SIMULATIONS
The state-to-state rate constants for the O
+ H reaction have been calculated using a time dependent WP method (find further details in Appendix A) on the ground electronic state PES of Martínez et al. (2004) . The details of the computations are described in Appendix A together with the convergence analysis and comparison with results obtained using time-independent methods. OH + (X 3 Σ − ) products are treated in Hund's case (b), and the total diatomic angular momentum is J = N + S, with N being the total rotational angular momentum and S the total electronic spin. In the simulation of the reactive collision rates, the effect of the electronic spin is neglected. Under this approximation, several alternatives are possible to determine the population of the three F 1 (J = N + 1), F 2 (J = N ) and F 3 (J = N − 1) levels. One possibility would be to consider the three levels equally populated. However, we shall assume here that the population of each F i sublevels is proportional to the degeneracy (2J + 1).
The total reaction integral cross section (ICS) is obtained after partial wave summation as described in Appendix A, and is compared in Fig. 1 with both the experimental results of Burley et al. (1987) and the results obtained using the Langevin model (Langevin 1905; Gioumousis & Stevenson 1958) . The Langevin model is in good agreement with the experimental results, although slightly lower for collision energies < 0.5 eV. Burley et al. (1987) attributed this small difference to the simplicity of the Langevin model, which only takes into account the distance between reactants, but not the anisotropy of the reaction. The ICS results for J = 0 and 1 are very close to each other, except for energies below 0.04 eV where the cross section for J = 0 is slightly higher. The agreement with the experimental data is very good, nearly always inside the experimental error bars. It is interesting that for E < 0.01 eV the calculated cross section deviates from the simple Langevin model. These small inaccuracies affect more notoriously to low collision energies. For energies above 0.3-0.4 eV, the WP results become slightly below the experimental error bars, probably due to small inaccuracies of the PES. The experimental results also show a change of the energy dependence at these energies with respect to the pure Langevin model. It can be concluded that the simulated cross sections are in very good agreement with the available experimental results, and can thus be used to estimate rate constants.
The rate constants in the 50-5000 K temperature range are obtained by numerical integration of the state-to-state cross sections, in the 1meV-1.5eV energy range . The total and vibrationally resolved rate constants are shown in Fig. 2 (1987) is good. The rates for v ′ = 0 and 1 are both significant over the whole range of temperatures considered, while the rates to OH + products in v ′ > 1 are negligible. The results derived for H 2 (v = 0, J = 0, 1) are within the error bars of the experimental value obtained by Burley et al. (1987) at room temperature. The total rates show a slight decrease with increasing temperature. This departure from a pure Langevin behavior is due to the long range behaviour of the PES, which is not isotropic as assumed in the simple mono-dimensional Langevin model.
The rotationally resolved state-to-state rate constants are shown in Fig. 3 , for initial rotational states of H 2 , J = 0 (left panels) and J = 1 (right panels), and final vibrational states of OH + , v ′ = 0 (bottom panels) and v ′ = 1 (top panels). The rates increase with increasing N , reaching a maximum at about N = 6 or 7, indicating that reactive collisions between O + and H 2 proceeds through a significant energy transfer in the excited states of the product OH + . In fact, for initial H 2 (J = 1) the final OH + (N ) products seem to be more excited by just one rotational quantum. The rates for v ′ = 1 are approximately 2/3 of those obtained for v ′ = 0 and show similar behaviors.
For v ′ = 0 and N < 16, the reaction has no threshold. However, at low temperatures, the rates for low N are nearly zero, increasing rapidly with temperature, reaching a maximum at about 300-800 K and decreasing again afterwards, so that at high temperatures the rates for all N become rather similar. For v ′ = 0 and N > 16, there is an energy threshold and the rates increase monotonously with increasing temperature. In the case of v ′ = 1, the behaviour is similar but the threshold appears at N ≈ 8.
The state-to-state rate constants have been fitted as described in Appendix A and the parameters obtained are listed in Table 3 .
EINSTEIN COEFFICIENTS FOR OH
In the previous section, the H 2 + O + ( 4 S) → H+OH + (X 3 Σ − ) reaction has been studied in the ground adiabatic electronic state, without considering electronic spin. In this section we study the transitions between the X and A electronic states of OH + . To do so it is important to consider that the total angular momentum of OH + is J = N + S, with N = R + L where R is the rotational angular momentum, and L and S are the electronic orbital and spin angular momenta, respectively.
Seven electronic states of OH + have been calculated to describe properly the dissociation asymptotes of OH + (X 3 Σ − , A 3 Π) as described in Appendix B. The potential energy curves are displayed in the top panel of Fig. 4 . The dipole moments of the X 3 Σ − ground state and the A 3 Π excited state along with the their transition dipole moments are displayed in the bottom panel of Fig. 4 . In the following we focus on the X 3 Σ − and A 3 Π states only. The ultraviolet A 3 Π−X 3 Σ − emission spectra of OH + was studied by Merer et al. (1975) . After including the spin-spin and spin-rotation terms and the Λ-doubling of the A 3 Π state due to the A 1 ∆ state, the deperturbed potential energy curves were obtained. The equilibrium distances for X 3 Σ − and A 3 Π states in Table 8 of Merer et al. (1975) are R e = 1.028 and Electric dipole / a.u. Larsson 1983) . Using the summation rule of the Hönl-London factors (Whiting & Nicholls 1974; Whiting et al. 1980) we define a vibrational lifetime (as done by Larsson 1983)
where hν is the average transition energy and the M
are described in Appendix B. These radiative lifetimes are listed in Table 3 for OH + (A 3 Π, v). There are two experimental studies reporting very different lifetimes for Brzozowski et al. (1974) reported lifetimes for v between 850 and 1010 ns, obtained by averaging over rotational bands for particular OH Möhlmann et al. (1978) reported a radiative lifetime for OH + (A 3 Π, v = 0) of 2500 ns, in very good agreement with the results of the present work, but considerably longer than that reported previously (Brzozowski et al. 1974 ). These authors argued that this difference is originated from the effect of the pressure on the lifetimes in the case of longrange interactions present in charged gases. This makes necessary to carry out pressure dependent measurements to extrapolate to zero pressure to get reliable radiative lifetimes, as done by Möhlmann et al. (1978) . We may therefore conclude, that our results are rather reliable. It should be noted that the Einstein coefficients obtained by de Almeida & Singh (1981) are based on the experimental radiative lifetimes of Brzozowski et al. (1974) , and are therefore 2.5 times larger than those reported in this work. In this section, we consider the collisional excitation of OH + by He. Helium, as a closed shell atom with two electrons, is sometimes considered as a reasonable template of molecular Hydrogen (Schöier et al. 2005; Lique et al. 2008) . However, for a molecular cation such as OH + , such approximation is expected to be moderately accurate due to the fact that the interaction of He and H 2 with an ion significantly differs. Generally, He rate coefficients underestimate H 2 rate coefficients by a factor that can be up to an order of magnitude (Roueff & Lique 2013) .
In addition, OH + can react with H 2 to form H 2 O + . Then, it is really quite uncertain to estimate H 2 -rate constants from the He ones. Nevertheless, we expect that the present data will enable rough estimate of the collisional excitation process of OH + in the ISM that is crucial for modeling the abundance and excitation of the OH + molecule. To the best of our knowledge, no collisional rate constants for the OH + molecule have been published before. Within the Born-Oppenheimer approximation, scattering cross sections and corresponding rate constants are obtained by solving the motion of the nuclei on an electronic PES, which is independent of the masses and spins of the nuclei.
A new PES for OH + + He system has been calculated in this work as described in Appendix C. The average of the three-dimensional PES over the ground vibrational state of the OH + cation is shown in Figure 5 . This two-dimensional effective potential is the one used in subsequent scattering calculations, described in Appendix D.
We have obtained the (de-)excitation cross sections for the first 19 fine structure levels of OH + by He. Figure 6 presents the typical kinetic energy variation of the integral cross sections for transitions from the fine structure level (N, J) = (3, 4) of OH + . There are noticeable resonances appearing at low and intermediate collisional energies. This is related to the presence of an attractive potential well, which allows for the He atom to be temporarily trapped there and hence quasi-bound states to be formed before the complex dissociates (Smith et al. 1979; Christoffel & Bowman 1983) .
By performing a thermal average of the collision energy dependent cross sections obtained for the first 19 fine-structure 
OH
+ levels, we obtain rate constants for temperatures up to 300 K. The thermal dependence of the state-to-state OH + -He rate constants is illustrated in Fig. 7 for transitions out of the N, J = 3, 4 level.
The rate constants shown in Fig. 7 exhibit interesting features that have important consequences on the magnitude of fine-structure-resolved rate constants:
(i) The rate constants decrease with increasing ∆N , which is the usual trend for rotational excitation. In addition, odd ∆N transitions are favored over even ∆N transitions. This is a consequence of the strong anisotropy of the PES.
(ii) A strong propensity rule exists for ∆J = ∆N transitions.
Such ∆J = ∆N propensity rule was predicted theoretically (Alexander & Dagdigian 1983) Figure 8 presents the temperature variation of the OH + -He rate constants for selected N = 3, J, F → N ′ = 2, J ′ , F ′ transitions. We have to distinguish ∆J = ∆N and ∆J = ∆N transitions in order to discuss the hyperfine propensity rules. For ∆J = ∆N transitions, we have a strong propensity rule in favor of ∆J = ∆F transitions, the propensity rule is also more pronounced when the N quantum number increases. This trend is the usual trend for open-shell molecules (Alexander 1985; . For ∆J = ∆N transitions, it is very difficult to find a clear propensity rules as already found for the CN molecule .
APPLICATIONS TO ASTRONOMICAL SOURCES
The computations performed in the previous sections provide an exhaustive dataset of the excitation processes of OH + that may strongly influence the modeling of astronomical sources. Such data are indeed critical to understand the physical conditions of regions where OH + is observed in emission, such as hot and dense PDRs (e.g. the Orion Bar, van der Tak et al. 2013), planetary nebulae (Etxaluze et al. 2014; Aleman et al. 2014 ) and the nuclei of active galaxies (van der Werf et al. 2010) .
In these environments, van der Tak et al. (2013) proposed that the formation of OH + via
is sufficiently rapid to compete with (or even dominate) the non-reactive inelastic collisions in the excitation of the rotational levels of OH + . Because of lack of information, they assumed that the probability of forming OH + in an excited level follows a Boltzmann distribution at a formation temperature T f = 2000 K, i.e. ∼ one third of the exothermicity of the above reaction.
We break here from this approach and treat the chemistry and excitation of OH + self consistently in the framework of the Meudon PDR chemical model (Le Petit et al. 2006; Le Bourlot et al. 2012) We consider a prototypical hot and dense PDR, i.e. a onedimensional slab of gas of total visual extinction A V,max = 10, with a density n H = 10 4 cm −3 , a cosmic ray ionization rate ζ = 3 × 10 −16 s −1 (Indriolo et al. 2007; Indriolo & McCall 2012) and illuminated from one side by a UV radiation field of 10 4 that of the local ISRF (Mathis et al. 1983 ). The Meudon PDR code has been run using the standard chemical network available online (http://pdr.obspm.fr/PDRcode.html). The resulting kinetic temperature of the gas, its electronic fraction, and the relative abundances of H, H 2 , O + , and OH + are shown in Fig. 9 as functions of the distance from the ionization front. These chemical profiles indicate that the abundance of OH + peaks (n(OH + ) ∼ 1.8 × 10 −5 cm −3 ) at 0.3 A V 0.7, i.e. in a region where the kinetic temperature ∼ 300 K, n(e − ) ∼ 1.6 cm −3 , n(He) ∼ 10 3 cm −3 , n(O + ) ∼ 1.3 × 10 −5 cm −3 , and where most of the Hydrogen is in atomic form (n(H 2 ) = 10 2 cm −3 ). The non reactive inelastic collision rates of OH + with H, H 2 , He and e − have all been implemented in the Meudon PDR code. For collisions with He we adopt the rates computed in the previous sections. For collisions with H and H 2 , we scale the OH + -He collisional rates by using the cross sections calculated for He but using the good the reduced mass in the thermal average done to calculate the corresponding rate constants. At last for collisions with electrons we adopt the rates of van der given in their Appendix A and available on the LAMBDA website (Schöier et al. 2005) who performed detailed calculations of the ∆N = 1 transitions. Given the large dipole moment of OH + we finally assume k(∆N = 2) = 0.1 × k(∆N = 1) and k(∆N > 2) = 0 (Faure & Tennyson 2001) for higher transitions of the OH + -e − system. Concerning the chemical de-excitations, the destruction rates of OH + (N, J) are supposed to be independent from N, J for all the reactions involved in the destruction of OH + . Inversely, we assume that the probabilities of forming OH + in an excited level follow a Boltzmann distribution at the kinetic temperature of the gas for all the reactions involved in the production of OH + , except for reaction 4 for which we use our quantum calculations of the state-to-state rate constants. Following Zanchet et al. (2013b) , the Meudon PDR code has been run in three different configurations: (a) considering only the excitation by nonreactive collisions, (b) including chemical pumping assuming that the probability to form OH + in an excited level via reaction 4 follows a Boltzmann distribution at a formation temperature of 2000 K (as done by , and (c) adopting the branching ratios obtained with our quantum calculations ( Table 3 ). The continumm-subtracted intensities in the direction perpendicular to the slab of the N = 1 → 0 and N = 2 → 1 rotational lines of OH + are shown in Fig. 10 . The analysis of the main excitation and de-excitation pathways at the peak of OH + abundance shows that the excitation of the N < 3 levels is primarily driven by inelastic collisions with electrons and atomic Hydrogen. As a result, the intensities of the N = 1 − 0 and N = 2 − 1 transitions predicted by models with density ranging between 10 4 and 10 5 cm −3 increase by less than 10% when we take the chemical pumping into account. Moreover we find no substantial difference between the models computed with detailed state-to-state chemical rates and those obtained with a Boltzmann distribution function. The chemical pumping has a stronger impact on the population of the N > 2 levels, but only in the inner parts of the cloud where the kinetic temperature is lower.
Intensities of the first rotational lines of OH
While these results stress the importance of detailed calculations of inelastic collisional rates, they do not preclude the existence of interstellar media where the integrated intensities of the rotational lines of OH + may be driven by chemical pumping. Indeed the abundance of OH + peaks in a region of the cloud where the abundance of H 2 varies over more than four orders of magnitude (see Fig. 9 ). A slightly broader peak of OH + that extends towards the molecular region, as it is the case in media with constant thermal pressure rather than constant density , would thus greatly enhance the influence of chemical pumping through reaction 4. To study these effects, we will perform a more complete analysis of different astrophysical environments in a forthcoming paper. This will be done in the framework of both the Meudon PDR code and the MADEX radiative transfer model ) in order to also address the impact of the fluorescence on the excitation of the OH + rotational lines.
CONCLUSIONS
In this work the state-to-state rate constants for the formation of OH + (X 3 Σ − ) products in the reaction O + +H 2 (J = 0, 1) have been obtained using an accurate quantum wave packet treatment, on the ground electronic state of the system. In these calculations the electronic spin is not account for, so that it is assumed that the rate to form F 1 (J = N + 1), F 2 (J = N ) and F 3 (J = N −1) sublevels are the same to that of a given final N value obtained here. The results obtained have been fitted to an analytical form in the (0,5000)K temperature interval, and the parameters thus obtained are listed in the Appendix.
The state-to-state Einstein coefficient for the
− -3 Π and 3 Π -3 Π bands have been calculated and provided in the Appendix. For that purpose very accurate potential energy curves of several electronic states of OH + have been calculated, and their corresponding transition dipole moment. The empirical spin-orbit, spin-rotation and spin-spin constants have been used (Merer et al. 1975; Gruebele et al. 1986 ). The rovibrational state on each electronic state have been calculated and the radial dipole moments have been calculated numerically. These results are intended to be included in astrophysical PDR model to account for the IR and UV radiative transfer due to the radiation flux. The radiative lifetimes obtained here, of ≈ 2500 ns, are in good agreement with the experimental results of Möhlmann et al. (1978) , and 2.5 times longer than the values reported by Brzozowski et al. (1974) which were used by de Almeida & Singh (1981) to get semi-empirical Eisntein's coefficients.
Also collisional OH(X 3 Σ − ) + He inelastic rates have been obtained, including hyperfine structure and using a new potential energy surface. These are used in the astrophysical model used here and also to extrapolate the corresponding rates for OH(X 3 Σ − ) + H and OH(X 3 Σ − ) + H 2 . All the rates computed in this work have been used in astrophysical models of highly illuminated isochoric photodissociation regions. These models show that OH + is formed in regions where the kinetic temperature is high and the density of H 2 is low. Under such conditions, we find that chemical pumping does not play a significant role (about 10% or less) on the excitation of OH + whose rotational levels are mainly populated through inelastic collisions. We propose that chemical pumping may be more efficient if OH + was formed in regions with larger molecular fraction (such as isobaric PDRs) but this has yet to be confirmed with additional modeling. Given the importance of inelastic collisions, additional computations are now in progress in order to derive more reliable estimates of the collisional rates between OH + ( 3 Σ − ) and both H and H 2 .
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APPENDIX A: STATE-TO-STATE REACTION RATE CONSTANTS
The state-to-state reaction rate constants are computed with a time dependent WP method, using a modified Chebyshev integrator (Huang et al. 1994; Mandelshtam & Taylor 1995; Huang et al. 1996; Kroes & Neuhauser 1996; Chen & Guo 1996; Gray & Balint-Kurti 1998; González-Lezana et al. 2005 ). The WP is represented in reactant Jacobi coordinates in a body-fixed frame, which allows to account for the permutation symmetry of H 2 . At each iteration, a transformation to products Jacobi coordinates is performed in order to analyze the final flux on different OH + (v ′ , N ) channels, using the method described by Gómez-Carrasco & Roncero (2006) . The calculation are performed using the MAD-WAVE3 program (Zanchet et al. 2009 ). The parameters used in the propagation are listed in Table 2.   TABLE 2 Parameters used in the wave packet calculations in reactant Jacobi coordinates. The function used for the absoprtion has the form f (X) = exp −A X X−X abs b n for X > X abs and f (X) = 1 elsewhere, with X ≡ R and r, with n = 4 and b = 2. Distances are inÅ and energies in eV. In order to get convergence at collisional energies of ≈ 1 meV, the absorption parameters have been fitted carefully to avoid the reflection of the WP. Also, to get convergence at so low energy, a large number Chebyshev iterations have been performed. This number decreases as total angular momentum, J t , increases, because the centrifugal barrier shifts the energy threshold towards higher energies and increases the resonances' widths. More than 100000 iterations were used for J t < 10, about 50000 in the interval 10 < J t < 20, and 30000 or less for J t > 20. The total reaction probabilities in the low collision energy range for some selected J t values are compared in Fig. 11 with time-independent (TI) calculations performed using a coupled channel hyperspherical coordinate method as implemented in the ABC code (Skouteris et al. 2000) . The comparison shows an excellent agreement down to collision energies lower than 1 meV.
The reaction is exothermic and rather fast and, therefore, the Coriolis couplings do not mix too many helicity states, characterized by the projection of the total angular momentum J t on the z-axis of the body-fixed frame, Ω. As found earlier for this system (Martínez et al. 2006; Xu et al. 2012 ), a maximum value of Ω max = 7 is enough to get good convergence. At each iteration the wave packet is transformed from the reactants to the products body-fixed frame, and in the products frame a maximum number of Ω ′ max = 24 is used. In order to control the reactant to product transformation of coordinates, the sum of all the individual state-to-state reaction probabilities (shown in Fig. 11 ) is compared with that obtained by the flux method (Miller 1974; Zhang & Zhang 1994; Neuhauser 1994; Goldfield et al. 1995) . In all cases, the agreement is better than 1%.
The reaction probabilities have been calculated for all J t up to J t = 30. After this value, only partial waves for J t in multiple of 5 have been calculated up to J t =80 and for all initial he- licities Ω 0 = 0, ..., min(J, J t ) and the two parity under inversion of spatial coordinates. For the non-calculated intermediate J t values, the reaction probabilities are obtained using a J-shifting based interpolation, as used before by Aslan et al. (2012) ; Zanchet et al. (2013b) . The convergence of this approach has been tested by comparing the total integral reaction cross section with that using less number of J t values, giving an agreement better than 2%.
The state-to-state rate constants of the H 2 (v = 0, J = 0, 1)+ O + → H + OH + (v ′ , N ) reactive collisions have been fitted in the 50-5000 K temperature range to the expression of the states at the dissociation limits. These wavefunctions were used as reference for a subsequent internally contracted multireference configuration interaction (icMRCI) calculation, where all single and double excitations were included. Finally, the Davidson correction (+Q) (Davidson 1975 ) was applied to the final energies in order to approximately account for the contribution of higher excitations. Calculations have been performed with three correlation-consistent polarized basis set of Dunning, denoted aug-cc-pVnZ (n = Q, 5 and 6), and the extrapolation to complete basis set (CBS, n = ∞) has been also obtained using the following extrapolation formula (D. E. Woon and Jr. T. H. Dunning 1994):
The CBS electronic energy curves are displayed in the top panel of Fig. 4 . In order to calculate the ro-vibrational states of OH + , we use the effective Hamiltonian (Lefebvre-Brion & Field 1986)
where the third and forth terms are the spin-spin and the spinrotation terms. In this equation V is the ab initio potential energy curves calculated for the X 3 Σ − and A 3 Π states. The spin-orbit is included as an empirical parameter taken from Merer et al. (1975) . The X 3 Σ − state is represented in the Hund's case (b), with the parameters γ= -0.15126 cm −1 and λ = 2.1429 cm −1 as determined in measurements of the rotational spectra (Gruebele et al. 1986 ). The A 3 Π states are represented in the Hund's case (a), with γ = 0.01730 cm −1 taken from Merer et al. (1975) .
The total wavefunction of OH + is factorized as
where the quantum number α = N for Hund's case (b) to describe X 3 Σ − , while α = Σ or Ω = Λ + Σ for Hund's case (a) for A 3 Π. The radial functions in Eq. (6) are the numerical solutions of the one-dimensional Schrödinger equation
The rovibrational states have been obtained numerically, in a grid of 12000 points in the (0.4, 14) a.u. interval. Vibrational levels up to v = 20 and v = 12 have been considered for X and A states, respectively. The higher rotational level considered are N = 35, for 3 Σ − , and J = 35 for 3 Π Ω . In Hund's case (b), the angular functions in Eq. (6) are defined as
where M , M S and M N are the projections of J, S and N angular momenta, respectively, on the z-axis of the laboratory frame. |SM S are the spin functions and
where D N * MN Λ are Wigner rotation matrices (Zare 1988) and Λ is the projection of the electronic orbital angular momentum on the internuclear axis, used to label the electronic state |Λ .
In Hund's case (a) the angular functions are
where Σ is the projections of the electronic spin on the internuclear axis, and Ω = Λ + Σ.
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The transformation between the two angular basis sets is given by
The total energy, considering spin-spin and spin-rotation terms in the Hamiltonian, for the 3 Σ − states in the b Hund's case are given by (Herzberg 1950 )
+ γN with J = N + 1
and for the 3 Π states in the Hund's case a are given by
with ∆T Ω = 0, 83 and 167 cm −1 , for Ω = 0, 1 and 2, respectively, associated to the empirical spin-orbit splittings (Merer et al. 1975 ). These three states are doubly degenerate, g = 2, and in the case of Ω = 0 we do consider the 0 + and 0 − states as degenerate. The Einstein coefficients are given by The He-OH + ( 3 Σ − ) interaction potential has being calculated on a grid of points in Jacobi coordinates, where r is the intenuclear OH + distance, R is the distance between He and the center of mass of the OH + , and θ is the angle between the vectors of lengths R and r (with θ = 0
• corresponding to the He-H-O collinear arrangement). Ab initio calculations are performed for 57 intermolecular R distances in the range between 2.75 a 0 and 32 a 0 distributed in the vicinity of the minimum with a step of 0.1 a 0 and 0.25 or 0.5 a 0 outside. The angular θ coordinate is represented by a grid of 15 GaussLegendre nodes. The intramolecular distance r is varied between 1.7 a 0 and 2.6 a 0 on a grid of 5 radial points, which is enough to describe the first vibrational levels of OH + ( 3 Σ − ). We use the spin unrestricted coupled cluster method with single, double and non-iterative triple excitations (UCCSD(T)) (Knowles et al. 1993 (Knowles et al. , 2000 for the calculations of total energies of the ground electronic state of He-OH + , using MOLPRO program (MOLPRO 2010) . The system is well described by a single-determinant wave function, therefore we use restricted Hartree-Fock (RHF) calculations as a reference for subsequent UCCSD(T) calculations. We used the augmented correlation-consistent quadruplezeta (AVQZ) basis set (Dunning & Jr. 1989 (Boys & Bernardi 1970) counterpoise procedure is used to correct the interaction energy for the basis set superposition error (BSSE).
We have used the UCCSD(T) method for the He-OH+ PES instead of MRCI as before for the sole diatom as it avoids the size-consistency problems and recovers larger portion of correlation energy due to the perturbative inclusion of triple excitations, which is important for van der Waals complexes containing helium. The choice of AVQZ+bond functions basis offers good ratio of accuracy (energies can be close to the complete basis set limit) to computational time, as we have more degrees of freedom in comparison to sole OH cation.
The potential is expanded in a series of Legendre polynomials, V (R, r, θ) = 15 l=0 v l (R, r)P l (cos θ) in order to represent the potential in the analytical form. The radial expansion coefficients for each r are interpolated along intermolecular distance R using Reproducing Kernel Hilbert space method. The dependence on the r intramolecular distance is obtained by polynomial expansion in a dimensionally reduced z = (r − r e )/r e coordinate.
We averaged the three-dimensional (3-D) V (R, r, θ) PES over the ground vibrational state of the OH + cation to obtain the V 0 (R, θ) He-OH + potential that we can use in subsequent scattering calculations. The potential exhibits global minimum at collinear He-H-O geometry for θ = 0
• . The well depth of the V 0 (R, θ) potential is D e = 729.6 cm −1 located at R e = 4.79 a 0 . These values can be compared to potential published almost two decades before by Meuwly and coworkers Meuwly et al. (1998 Nagy-Felsobuki (1997) ). The He atom binds strongly to the protonated side of the OH + in the entrance channel of reaction to form the strongly bound molecular HeH + ion. The zero-point dissociation energy of the He-OH + complex is reported ( Meuwly et al. (1998) ) to be around 360 cm −1 . The D 0 value calculated with our new UCCSD(T) potential is 391 cm −1 . This indicates a fair stability of this helium complex.
11. APPENDIX D: HE+OH + INELASTIC COLLISIONS As described above, in the OH + (X 3 Σ − ) electronic ground state, the rotational levels are split by spin-rotation coupling as previously mentioned in section 2, and the rotational wave functions written for J ≥ 1 as (Gordy & Cook 1984; Lique et al. 2005) : where |N, SJM denotes pure Hund's case (b) basis functions (see Appendix B) and the mixing angle α is obtained by diagonalization of the molecular Hamiltonian. In the pure case (b) limit, α → 0, the F 1 level corresponds to N = J − 1 and the F 3 level to N = J + 1. The rotational energy levels of the OH + molecule were computed with the use of experimental spectroscopic constants of (Merer et al. 1975) .
The quantal coupled equations were solved in the intermediate coupling scheme using the MOLSCAT code (Hutson & Green 1994) modified to take into account the fine structure of the energy levels.
For the OH + molecule, an additional splitting of rotational levels exists. The Hydrogen atom possesses a non-zero nuclear spin (I = 0.5) so that the energy levels of OH + are characterized by the quantum numbers N , J and F , where F results from the coupling of J with I ( F = J + I). The hyperfine splitting of the OH + levels being very small, the hyperfine levels can be safely assumed to be degenerate as was considered in the transitions treated in the previous section. Then, it is possible to simplify considerably the hyperfine scattering problem. The integral cross sections corresponding to transitions between hyperfine levels of the OH + molecules can be obtained from scattering S-matrix between fine structure levels using a recoupling method (Alexander & Dagdigian 1985) .
Inelastic cross sections associated with a transition from an initial hyperfine level N, J, F to a hyperfine level N ′ , J ′ , F ′ were thus obtained as follow :
The P K (J → J ′ ) are the tensor opacities defined by :
The reduced T-matrix elements (where T = 1−S) are defined by (Alexander & Dagdigian 1983) :
where J t = J + l is the total triatomic angular momentum, and l is the orbital angular momentum quantum number. The scattering calculations were carried out on total energy, E tot , grid with a variable steps. For the energies below 1000 cm −1 the step was equal to 1 cm −1 , then, between 1000 and 1500 cm −1 it was increased to 10 cm −1 , and to 100 cm −1
for energy interval from 1500 to 2200 cm −1 . In order to ensure convergence of the inelastic cross sections, it is necessary to include in the calculations several energetically inaccessible (closed) levels. At the largest energies considered in this work, the OH + rotational basis were extended to N = 10 to ensure convergence of the cross sections of OH + .
